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The evolutionary effects of small herbivores on plant populations (e.g. 
genotype diversity and structure), which can impact community and ecosystem 
processes, remains unclear. To explore the evolutionary effects of small 
herbivores on a dominant clonal plant population, we used a 22-year hare 
and goose exclosure experiment at two successional stages in a salt marsh. 
:HFROOHFWHGLQGLYLGXDOVRIElytrigia atherica within 1 m × 1m plots inside 
DQG RXWVLGH KDUH DQG JRRVH H[FORVXUHV IRXU SRSXODWLRQV:H JHQRW\SHG
WKRVHLQGLYLGXDOVXVLQJPROHFXODUPDUNHUV:HFKDUDFWHUL]HGDQGFRPSDUHG
the genetic population differentiation, genetic diversity, and spatial genetic 
VWUXFWXUHJHQRW\SHULFKQHVVGLYHUVLW\DQGGLVWULEXWLRQ:HIRXQGWKDWDWHDUO\
succession stage, where herbivore abundance was high, the population of E. 
atherica from the ungrazed treatment substantially differentiated in genetic 
distance from that of the grazed. Via assigning genotypes, we found that 
these two populations had different dominant genotypes. A complementary 
greenhouse experiment revealed that the dominant genotype in the grazed 
treatment was associated with the ‘guerrilla’ growth strategy (i.e. more 
and longer rhizomes), while the most dominant genotype in the ungrazed 
treatment was associated with the ‘phalanx’ growth strategy (i.e. fewer, shorter 
UKL]RPHV7KLVZDV FRQ¿UPHG E\ WKDW WKH JHQHWLF GLVWDQFH EHWZHHQ SORWV
that was positively correlated with their geographic distance in the ungrazed 
treatment, while no clear relationship was found in the grazed treatment at 
the early stage, as well as the intermediate stage. However, we detected no 
VLJQL¿FDQWGLIIHUHQFHV LQJHQHWLFGLYHUVLW\JHQRW\SH ULFKQHVVDQGGLYHUVLW\
between the grazed and ungrazed treatments at both stages. Our results 
suggest that small herbivores can have substantial evolutionary effects, and 
via selecting particular dominant genotypes of a dominant plant population, 
grazing may impact plant-plant interaction, and community processes. 
 
Population differentiation via genotype selection under 22-year small herbivore exclusion 




Salt marshes are the typical stressful habitats where clonal plants dominate 
PDMRU HQYLURQPHQWDOJUDGLHQWV 5LFKDUGVet al. 2004). Clonal reproduction 
is essential for the survival, establishment and expansion of those plants 
(Pennings & Callaway 2000). Clonal plants reproduce asexually using 
different growth strategies, including the phalanx strategy and the guerrilla 
strategy (Barrett 2015). Using the phalanx strategy, ramets produce less and 
shorter stolons and rhizomes, and grow closely to genets, which, however, 
limit the mixing of ramets of different clones. By contrast, using guerrilla 
strategy, ramets produce more and longer stolons and rhizomes, and grow 
further away from genets, thus, promote mixing of ramets of different clones 
(Barrett 2015). However, in recent years, researchers found that genotype 
(genetic) diversity is unexpectedly high in some of those clonal plants in salt 
marshes (Bockelmann et al. 2003; Richards et al. 2004; Travis & Hester 2005; 
Rouger & Jump 2014). Several processes can affect genotype and genetic 
diversity in clonal plants. First, sexual reproduction, although assumed to be 
less important in clonal plants, does exist in clonal plants in salt marshes. 
Bengtsson (2003) found that even small amount of sexual reproduction can 
generate considerable genetic variation within populations. Second, somatic 
PXWDWLRQZKLFKDFFXPXODWHVDVFORQDOSODQWVDJHFDQSOD\DVLJQL¿FDQWUROH
in creating genotype and genetic diversity (Barrett 2015). Third, methylation-
based epigenetic alterations (Herrera & Bazaga 2011; Gáspár et al. 2019), 
which can create new genotypes, and these alterations can be passed to 
offspring. Fourth, genotype selection, for instance, some genotypes are more 
adapted to a certain environment, thus outcompete other less adapted ones, 
which impacts genotype (genetic) diversity (Hartnett & Bazzaz 1985). 
Studies from grasslands show that herbivores, particularly the large ones, can 
impact genotype and genetic diversity, as well as spatial genetic structure, and 
genetic differentiation (hereafter, evolutionary effects) in plant populations 
(Billington et al..OHLMQ	6WHLQJHU5HLVFK	3RVFKORG
Smith et al. 2009; Veeneklaas et al. 2011). Herbivores do so possibly by 
affecting sexual reproduction, somatic mutation, epigenetic alterations and 
JHQRW\SH VHOHFWLRQ )RU LQVWDQFH .OHLMQ DQG 6WHLQJHU  IRXQG WKDW
compared with hey meadow, where seedlings of Veratrum album were 
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
Smith et al. 2009; Veeneklaas et al. 2011). Herbivores do so possibly by 
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JHQRW\SH VHOHFWLRQ )RU LQVWDQFH .OHLMQ DQG 6WHLQJHU  IRXQG WKDW
compared with hey meadow, where seedlings of Veratrum album were 
mainly recruited by seeds, clonal reporoduction accounted for almost half of 
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the population growth under long-term grazing, and led to lower genotype 
diversity and spatial aggregation of clones. Herrera and Bazaga (2011) found 
substantial epigenetic variation among individuals of Viola cazorlensis, and 
that this variation in multilocus epigenotypes was correlated with different 
levels of browsing damage in a two-decade-long monitoring experiment. 
Völler et al (2013) grew offspring of eight common grassland species 
collected from a broad range of land-use types and intensities in Germany, 
DQGIRXQGJHQHWLFGLIIHUHQWLDWLRQLQSODQWSKHQRORJ\ZLWKWKHÀRZHULQJWLPH
consistently shifting away from the typical time of management. Shifted 
WLPHLQÀRZHULQJFDQVXEVWDQWLDOUHGXFHJHQHÀRZWKXVFRQWULEXWHWRJHQHWLF
population differentiation (Silvertown et al. 2005). Genotype selection has 
been suggested as one of the underlying processes for the evolutionary 
effects of herbivores (Didiano et al. 2014; Völler et al. 2017). Díaz et al 
(2007) proposed that genotypes with a small size, a prostrate growth form, 
and a stoloniferous artitecture may increase their occurrence under grazing. 
In addition, different growth strategies can be promoted under grazing, 
depending on the palatability of plant species. For unpalatable species, the 
phalanx strategy may be more advantageous, as the unpalatable adult plants 
FDQVHUYHDVSURWHFWLRQIRUSDODWDEOHVHHGOLQJVWRHVFDSHKHUELYRUHV.OHLMQ	
Steinger 2002). However, so far, empirical evidence for evolutionary effects 
of vertebrate herbivores via selection of different genotypes and different 
growth strategies is rare. 
In addition, studies examining the evolutionary effects of small vertebrate 
herbivores (1 kg < body mass < 10 kg) remain sparse. Didiano et al. (2014) 
found that long-term (> 20 years) grazing by rabbits drives evolutionarily trait 
differentiation, although only in one of four plant species, with the highest 
abundance in Silwood Park, England. Given that herbivore abundance 
can sometimes be more important than herbivore size in regulating plant 
communities (Olofsson et al. 2004), we expect the small herbivores can also 
have substantial evolutionary effects on plant populations, particularly when 
their abundance is high. 
:HXVHGDORQJWHUPKDUHDQGJRRVHH[FORVXUHH[SHULPHQWLQWKHVDOWPDUVK
of Schiermonnikoog, the Netherlands, to explore the evolutionary effects 
RI WKRVH VPDOO KHUELYRUHV RQ D GRPLQDQW SODQW SRSXODWLRQ :H VHOHFWHG
exclosures at two successional stages (early and intermediate), where the 
Population differentiation via genotype selection under 22-year small herbivore exclusion 
at the early successional stage in a salt marsh
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early successional stage (hereafter, early stage) had much higher abundance 
of hares and geese than the intermediate successional stage (hereafter, 
LQWHUPHGLDWHVWDJH.XLMSHUDQG%DNNHU&KHQHWDO3UHYLRXV
studies found that hares and geese suppress the expansion of the tall late 
successional grass E. atherica for at least 22 years (Chen et al. 2019), likely 
YLDLPSHGLQJWKHVXUYLYDORILWVVHHGOLQJVLQWKLVV\VWHP.XLMSHUet al. 2004). 
In general, adult plants of E. atherica are not preferred by hares and geese, 
however, the seedlings are still consumed considerably (Fokkema et al., 2016; 
.XLMSHU1LMKRII	%DNNHU:HJHQRW\SHGLQGLYLGXDOVFROOHFWHGIURP
WKRVHH[FORVXUHVXVLQJPROHFXODUPDUNHUV:HFKDUDFWHUL]HGDQGFRPSDUHG
the genetic population differentiation, genetic diversity, spatial genetic 
structure, genotype richness, diversity, and distribution of E. atherica inside 
DQGRXWVLGHH[FORVXUHVDWWKHVHWZRVWDJHV:HH[SHFWHGWKDWWKHHYROXWLRQDU\
effects of grazing would be particularly apparent at the early successional 
VWDJHZKHUHKHUELYRUHDEXQGDQFHZDVKLJK0RUHVSHFL¿FDOO\ZHWHVWHGWKH
following hypotheses: 1) genotypes in the grazed areas differentiate from that 
of the ungrazed exclosures; 2) the phalanx growth strategy is more common 
in the grazed areas than in the ungrazed exclosures; 3) the genetic diversity, 





(53°30’ N, 6°10’ E), the Netherlands. The eastern part of this salt marsh has 
only been grazed by small herbivores, notably spring staging Brent Geese 
(Branta bernicla), Barnacle Geese (Branta leucopsis), and year-round present 
Brown hares (Lepus europaeus) and rabbits (Oryctolagus cunniculus). Hares 
and geese are the most abundant herbivores, while predators are rare here (Van 
'H.RSSHOHWDO9DQ'HU:DOHWDO9DQ'HU:DOHWDOD
.XLMSHU	%DNNHU6FKUDPDHWDOA natural successional gradient 
is present in this salt marsh: the eastern part of the island is younger than the 
ZHVWHUQSDUWQDWXUDOO\ VHSDUDWHGE\FUHHNV 2OIIHWDO:HXVHG WKH
long-term hare and goose exclosures along this successional gradient initiated 
LQ  GHWDLOV LQ.XLMSHU	%DNNHU :H VHOHFWHG WZR H[FORVXUHV
located at early and intermediate stages (age of the marshes counted from the 
year vegetation established at that stage to the year 1994 when the herbivore 
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exclusion experiment started, 10 and 40 years for the early and intermediate 
stage, respectively). The early stage had a higher abundance of hares and 
geese than the intermediate stage (Table S1). Apart from the difference in 
herbivore abundance, the two exclosures had similar abiotic conditions in 
2016 (see Table S2 for a detailed comparison of clay thickness and elevation). 
E. atherica rarely occurred (< 2.5 %; percent cover) inside and outside the 
exclosures at these two successional stages in 1995 (Table S3), which gave 
us a great opportunity to explore how long-term grazing by hares and geese 
impacts its population ecologically and evolutionarily. 
Study species
E. atherica is a hexaploid, clonal, perennial grass. It can also reproduce 
VH[XDOO\DQGLWLVVHOIFRPSDWLEOH%RFNHOPDQQ5HXVFK%LMOVPD	%DNNHU
2003). Seeds are mainly dispersed by tides and wind (Chang et al. 2005). 
It is a tall, late successional grass, native to this system, although in recent 
decades, this grass has strongly expanded its range in salt marshes (from the 
high marshes to the lower and younger salt marshes) (Veeneklaas et al. 2013). 
As a result, it led to high dominance and subsequently a decrease in plant 
diversity. This phenomenon is widely observed in salt marshes across Europe 
3pWLOORQet al.0LORWLüet al.:DQQHUet al. 2014; Rupprecht et 
al./DJHQGLMNet al. 2017). Previous studies found genetic population 
differentiation of this grass under different abiotic conditions (Bockelmann, 
5HXVFK%LMOVPD	%DNNHU6FKHHSHQVHWDODQGWKDWWKLVFDQ
KDSSHQDWDVPDOOVSDWLDOVFDOHP%RFNHOPDQQ5HXVFK%LMOVPD	
Bakker, 2003). Veeneklaas et al (2011) also found that long-term grazing by 
large herbivores (cattle) drives phenotypic and genotypic differentiation of E. 
atherica in the western part of this salt marsh.
Experimental design and data collection
Similar to the size of exclosures (hereafter, ungrazed treatment), we marked 
an area ca. 6 m × 8 m outside the exclosures (hereafter, grazed treatment) at 
both stages in June 2017. The distance between the area and the exclosure 
PHDVXUHVFDP:HUDQGRPO\VHWXSSORWVPîPLQVLGHWKHVHWZR
JUD]HGDUHDVDQGH[FORVXUHV:HGLYLGHGHDFKSORWLQWRJULGVPî
m), and within each grid, we collected one individual of E. atherica, usually 
in the middle of the grid. E. atherica did not occur everywhere, particularly in 
the grazed area, therefore sample size was less than 25 for some plots (sample 
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size for each plot can be found in Table S4). Individuals were brought to the 
lab and dried to constant weight in the oven (70 °C).
Genotyping




(empty) control for each 96-well plate. Positive control (s209) was also 
added to check for the repeatability and reliability of genotype assignment. 
Sample s209 was collected from the high marsh at stage 10, and one to two 
samples of s209 were added per plate. Following Bockelmann et. al (2003), 
ZHXVHG¿YHPLFURVDWHOOLWHPDUNHUV(&*$:06:06:06DQG
ECGA89) originally designed for the other Poaceae species, Elymus caninus 
(Sun, Salomon, & Bothmer, 1998) and Triticum aestivum (Röder et al., 1998). 




VWDQGDUG *HQH 6FDQ70± 52;70$SSOLHG %LRVW\VWHP 7KH SRROHG
products were visualized using 3730 DNA analyzer. The microsatellite peak 
patterns (height > 100) were scored and manually checked using GeneMapper. 
Greenhouse experiment
The rhizomes of those individuals of E. atherica were dug out, cleaned, 
standardized to similar size (2-3 roots, 1-2 cm for each) for the greenhouse 
experiment. Unfortunately, due to the hot weather during transplantation, only 
a few individuals survived. Those individuals were grown from June 2017 to 
$SULO3ODQWVZHUHJURZQLQSODVWLFSRWVFPLQGLDPHWHU¿OOHGZLWK
sand, and were watered with ¼ Hogland solution 2-3 times per week. Pots 
were rearranged every month to randomize their position in the greenhouse. 
Greenhouse was maintained at temperature of 17°C (day) and 14°C (night), 
light intensity of 439 ± 6.9l mol for 12 h, and humidity of 70 %. In April 2018, 
we measured the number of ramets, and the height of the highest individual 
LQHDFKSRW:HKDUYHVWHGDOOWKHSODQWVZHPHDVXUHGWRWDOOHQJWKRIUKL]RPHV
DQGVWRORQV:HVHSDUDWHGSODQWVLQWRVKRRWVURRWVUKL]RPHVDQGVWRORQVDQG
weighed those after drying at 70 °C in the oven to constant weight. 
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exclusion experiment started, 10 and 40 years for the early and intermediate 
stage, respectively). The early stage had a higher abundance of hares and 
geese than the intermediate stage (Table S1). Apart from the difference in 
herbivore abundance, the two exclosures had similar abiotic conditions in 
2016 (see Table S2 for a detailed comparison of clay thickness and elevation). 
E. atherica rarely occurred (< 2.5 %; percent cover) inside and outside the 
exclosures at these two successional stages in 1995 (Table S3), which gave 
us a great opportunity to explore how long-term grazing by hares and geese 
impacts its population ecologically and evolutionarily. 
Study species
E. atherica is a hexaploid, clonal, perennial grass. It can also reproduce 
VH[XDOO\DQGLWLVVHOIFRPSDWLEOH%RFNHOPDQQ5HXVFK%LMOVPD	%DNNHU
2003). Seeds are mainly dispersed by tides and wind (Chang et al. 2005). 
It is a tall, late successional grass, native to this system, although in recent 
decades, this grass has strongly expanded its range in salt marshes (from the 
high marshes to the lower and younger salt marshes) (Veeneklaas et al. 2013). 
As a result, it led to high dominance and subsequently a decrease in plant 
diversity. This phenomenon is widely observed in salt marshes across Europe 
3pWLOORQet al.0LORWLüet al.:DQQHUet al. 2014; Rupprecht et 
al./DJHQGLMNet al. 2017). Previous studies found genetic population 
differentiation of this grass under different abiotic conditions (Bockelmann, 
5HXVFK%LMOVPD	%DNNHU6FKHHSHQVHWDODQGWKDWWKLVFDQ
KDSSHQDWDVPDOOVSDWLDOVFDOHP%RFNHOPDQQ5HXVFK%LMOVPD	
Bakker, 2003). Veeneklaas et al (2011) also found that long-term grazing by 
large herbivores (cattle) drives phenotypic and genotypic differentiation of E. 
atherica in the western part of this salt marsh.
Experimental design and data collection
Similar to the size of exclosures (hereafter, ungrazed treatment), we marked 
an area ca. 6 m × 8 m outside the exclosures (hereafter, grazed treatment) at 
both stages in June 2017. The distance between the area and the exclosure 
PHDVXUHVFDP:HUDQGRPO\VHWXSSORWVPîPLQVLGHWKHVHWZR
JUD]HGDUHDVDQGH[FORVXUHV:HGLYLGHGHDFKSORWLQWRJULGVPî
m), and within each grid, we collected one individual of E. atherica, usually 
in the middle of the grid. E. atherica did not occur everywhere, particularly in 
the grazed area, therefore sample size was less than 25 for some plots (sample 
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size for each plot can be found in Table S4). Individuals were brought to the 
lab and dried to constant weight in the oven (70 °C).
Genotyping




(empty) control for each 96-well plate. Positive control (s209) was also 
added to check for the repeatability and reliability of genotype assignment. 
Sample s209 was collected from the high marsh at stage 10, and one to two 
samples of s209 were added per plate. Following Bockelmann et. al (2003), 
ZHXVHG¿YHPLFURVDWHOOLWHPDUNHUV(&*$:06:06:06DQG
ECGA89) originally designed for the other Poaceae species, Elymus caninus 
(Sun, Salomon, & Bothmer, 1998) and Triticum aestivum (Röder et al., 1998). 




VWDQGDUG *HQH 6FDQ70± 52;70$SSOLHG %LRVW\VWHP 7KH SRROHG
products were visualized using 3730 DNA analyzer. The microsatellite peak 
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experiment. Unfortunately, due to the hot weather during transplantation, only 
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$SULO3ODQWVZHUHJURZQLQSODVWLFSRWVFPLQGLDPHWHU¿OOHGZLWK
sand, and were watered with ¼ Hogland solution 2-3 times per week. Pots 
were rearranged every month to randomize their position in the greenhouse. 
Greenhouse was maintained at temperature of 17°C (day) and 14°C (night), 
light intensity of 439 ± 6.9l mol for 12 h, and humidity of 70 %. In April 2018, 
we measured the number of ramets, and the height of the highest individual 
LQHDFKSRW:HKDUYHVWHGDOOWKHSODQWVZHPHDVXUHGWRWDOOHQJWKRIUKL]RPHV
DQGVWRORQV:HVHSDUDWHGSODQWVLQWRVKRRWVURRWVUKL]RPHVDQGVWRORQVDQG




As E. atherica is a hexaploid species, prohibiting the calculation of single-
ORFXVEDVHGDOOHOHIUHTXHQFLHV:HWKHUHIRUHDQDO\]HGWKHSUHVHQFHDEVHQFH
matrix based on microsatellite peak patterns, similar to the classical genetic 
¿QJHUSULQW OLNH$)/3 ORVLQJ SDUW RI WKH JHQHWLF LQIRUPDWLRQ7KLVPHWKRG
has been used in this system before and proved to yield satisfactory results 
(Bockelmann et al. 2003; Scheepens et al. 2007; Veeneklaas et al. 2011). 
Genetic population differentiation 
:H FDOFXODWHG WKH SDLUZLVH JHQHWLF GLVWDQFH DPRQJ  LQGLYLGXDOV DQG 





vegan (Oksanen 2015) to perform an AMOVA test among 579 individuals 
with 999 permutations, and partitioned the genetic variation into stage/
grazing/plot. 
Genetic diversity within plots, genetic distance between plots and spatial 
genetic structure
:HXVHG.RVPDQLQGH[9DOODGDUHVet al. 2007) to calculate genetic diversity 
within and genetic distance between plots, as several studies suggest that 
the chance to pick up two identical genotypes decreases strongly when their 
GLVWDQFH!P.OHLMQ	6WHLQJHU5LFKDUGVet al. 2004; Scheepens et 
al.)RU.RVPDQLQGH[ZLWKLQSORWV.:RQHLQGLYLGXDOZDVSDLUHG
with another one from the same plot to maximize the sum of distance between 
pairs. For Kosman index between plots (KB), one individual from one plot 
was paired with another individual from another plot to minimize the sum of 
distance between pairs. These sums were then divided by the number of pairs. 
:HFDOFXODWHG WKH.%YLD WKH DYHUDJHRIERRWVWUDSVRI  LQGLYLGXDOV
(the smallest sample size), as it requires equal sample size from different 
SORWVWRFDOFXODWH.%:HXVHGWKHIXQFWLRQVROYHB/6$3IURPSDFNDJHFOXH
(Hornik 2005) to match those individuals resulting in the maximum sum 
within plots and the minimum sum between plots following Rouger & Jump 
:HIXUWKHUWHVWHGZKHWKHUJUD]LQJDQGLWVLQWHUDFWLRQZLWKVWDJHKDG
VLJQL¿FDQWHIIHFWVRQ.:DQG.%XVLQJOPPRGHO,QWKHPRGHO.:.%ZDV
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the response variable, respectively. Grazing, stage and their interaction were 
the explanatory variables.
To explore spatial genetic structure within plots, the pairwise dissimilarity 
distances (Dice) between individuals were tested against the euclidean 
distances of these individuals based on their grids within the plots using 
mantel test with 999 permutations. For between plots, the KB distance was 
tested against the geographic distances of those plots using mantel test with 
 SHUPXWDWLRQV :H PDQXDOO\ FDOFXODWHG JHRJUDSKLF GLVWDQFHV EHWZHHQ
plots based on their coordinates, measured using dGPS (Trimble TSC3, RD 
system).
Genotype richness, diversity and distribution 
6LPLODUWR:LQ¿HOGHWDOZKRIRXQGWKDW$)/3¿QJHUSULQWVDUHXVXDOO\
not 100% identical for two samples of the same plant, we found that peak 
patterns of samples of s209 did not always overlap one another. Douhovnikoff 
& Dodd (2003) suggest that setting a similarity threshold can reduce the scoring 
HUURURIPLVLGHQWLI\LQJ WZRFORQHVZLWKQRQLGHQWLFDO¿QJHUSULQWV LQWR WZR
different individuals. They suggested to use the mean and standard deviation 
DSSURDFKWRVHWXSWKHWKUHVKROG:HWKHUHIRUHVHWXSWZRWKUHVKROGVEDVHGRQ





package polysat (Lindsay et al. 2018) with threshold of 0, 0.34 and 0.42, 
UHVSHFWLYHO\:HFDOFXODWHGJHQRW\SHULFKQHVVDVQXPEHURIXQLTXHJHQRW\SHV
detected divided by the number of individuals genotyped in one plot (area). In 
addition, genotype diversity (Shannon diversity) was calculated using function 
genotypeDiversity from package polysat with those thresholds. Sample size, 
number of alleles detected, genotype richness and diversity for each plot can 
EHIRXQGLQ7DEOH6:HIXUWKHUWHVWHGZKHWKHUJUD]LQJDQGLWVLQWHUDFWLRQ
ZLWKVWDJHKDGVLJQL¿FDQWHIIHFWVRQJHQRW\SHULFKQHVVDQGGLYHUVLW\DWSORW
scale using lm model. In the model, genotype richness and genotype diversity 
were the response variables, respectively. Grazing, stage and their interaction 
were the explanatory variables. In addition, we mapped genotypes for all 
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the response variable, respectively. Grazing, stage and their interaction were 
the explanatory variables.
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plots based on their coordinates, measured using dGPS (Trimble TSC3, RD 
system).
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& Dodd (2003) suggest that setting a similarity threshold can reduce the scoring 
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detected divided by the number of individuals genotyped in one plot (area). In 
addition, genotype diversity (Shannon diversity) was calculated using function 
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The population from the ungrazed treatment at early stage segregated from the 
other three populations, particularly from the grazed treatment at early stage 
)LJ$PRYDFRQ¿UPHGWKDWWKHUHZDVVLJQL¿FDQWJHQHWLFGLIIHUHQWLDWLRQ
between grazing within successional stage (F = 26.70, p = 0.001), which 
explained around 6.6 % of the genetic variation (Table S5). 
Fig. 1 Genetic distance of individuals of E. atherica. Population from the ungrazed 
treatment substantially differentiated from that of the grazed at early successional 
stage. The centroids of grazed and ungrazed at early and intermediate stage, as well 
as reference sample s209, are indicated. The ellipses denote the 95 % bivariate 
FRQ¿GHQFHLQWHUYDO7KHSHUFHQWDJHVGHQRWHWKHSURSRUWLRQRIYDULDQFHH[SODLQHGE\
the PCoA axes.
Genetic diversity within plots and genetic distance between plots
:HGHWHFWHGQRVLJQL¿FDQWHIIHFWVRIJUD]LQJQRULWVLQWHUDFWLRQZLWKVWDJHRQ
genetic diversity within plots and genetic distance between plots (Table S6; S7). 
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Spatial genetic structure within and between plots 
:HGHWHFWHGVLJQL¿FDQWSRVLWLYHUHODWLRQVKLSVEHWZHHQJHQHWLFGLVWDQFHDQG
geographic distance within plots only in grazed treatment at intermediate 
VWDJH )LJ 7DEOH 6*HQHWLF GLVWDQFH EHWZHHQ SORWVZDV VLJQL¿FDQWO\
positively correlated with geographic distance in ungrazed treatment at early 
DQG LQWHUPHGLDWH VWDJHV FRHI¿FLHQW     UHVSHFWLYHO\PDQWHO WHVW
with 999 permutation), while no clear relationship was shown in grazed 
treatments (Fig. 3; Table S9). 
Fig. 3 Genetic distance between plots and geographic distance. In the ungrazed 
treatment, genetic distance between plots increased as the geographic distance 
LQFUHDVHGDWERWKVXFFHVVLRQDOVWDJHV/LQHVDUH¿WWHGZLWK³OP´XVLQJJHRPBVPRRWK
IURPSDFNDJHJJSORW6ROLGOLQHVVKRZVLJQL¿FDQWUHODWLRQVKLSVp < 0.05), while 
GRWWHGOLQHVVKRZQRVLJQL¿FDQWUHODWLRQVKLSVp > 0.05). Grey areas denote 95 % 
FRQ¿GHQFHEDQGV
Genotype richness, diversity and distribution
Genotype richness and diversity changed substantially as the thresholds 
Population differentiation via genotype selection under 22-year small herbivore exclusion 
at the early successional stage in a salt marsh
119
5
changed. Overall, we detected genotype richness of 0.72, 0.15 and 0.03 using 
WKUHVKROGRIDQGUHVSHFWLYHO\:LWKLQSORWVJHQRW\SHULFKQHVV
in grazed plots at early stage changed from 0.75 on average to 0.18 to 0.07 
when the threshold increased from 0 to 0.34 to 0.42, respectively (Table S10). 
+RZHYHUZH GHWHFWHG QR VLJQL¿FDQW HIIHFWV RI JUD]LQJ QRU LWV LQWHUDFWLRQ
with stage for all three thresholds considered (Table S11). Similarly, at the 6 
m × 8 m scale, genotype richness and diversity changed substantially as the 
thresholds changed (Table S12). Genotype richness in the grazed treatment at 
early stage changed from 0.72 to 0.13 to 0.01 when the threshold increased 
from 0 to 0.34 to 0.42, respectively. Genotype richness and diversity were 
higher in the grazed treatment than the ungrazed at early stage, except when 
the threshold increased to 0.42, when genotype richness in the grazed area 
was only one fourth of that of the ungrazed. In contrast, genotype richness and 
diversity were lower in grazed than that of ungrazed at the intermediate stage 
for three different thresholds considered, although in general the differences 
were small. 
Assigning genotypes using the threshold of 0.34, the dominant genotypes 
were different in different populations. In the population of the grazed 
treatment at early stage, genotype 1 was the most dominant, with 86 of 134 
individuals genotyped belonging to this genotype. In that of the ungrazed at 
early stage, genotype 5 was the most dominant one, followed by genotype 
1, with 76 and 58 of 155 individuals belonging to these two genotypes, 
respectively. In the grazed population at intermediate stage, genotype 1 and 5 
were co-dominant, with 23 and 31of 135 individuals belonging to these two 
genotypes, respectively. In that of the ungrazed at intermediate stage, genotype 
5 and 42 were co-dominant, with 31 and 27 of 155 individuals belonging to 
these two genotypes, respectively. Assigning genotypes using threshold of 0, 
there were no particular genotypes dominating in any population. Assigning 
genotypes using threshold of 0.42, one single genotype dominated all the four 
populations. 
Traits of dominant genotypes 
$PRQJ  LQGLYLGXDOV VXUYLYHG ZH LGHQWL¿HG   DQG  LQGLYLGXDOV
belonging to genotype 1, 5 and 42, respectively, using the threshold of 0.34. 
Those dominant genotypes differentiated in some phenotypic traits. Genotype 
1 and 42 produced 24 % and 30 % less ramets compared with genotype 5, 
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individuals genotyped belonging to this genotype. In that of the ungrazed at 
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1 and 42 produced 24 % and 30 % less ramets compared with genotype 5, 
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respectively. However, genotype 1 produced 16 % and 41 % more in total 
length of rhizomes and stolons than genotype 5 and 42, respectively. In 
addition, genotype 1 produced 42 % and 91 % more in biomass of rhizomes 
and stolons than genotype 5 and 42, respectively (Table 1).
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Fig. 4 Distribution of genotypes of Elytrigia atherica. Genotype 1 dominated in 
grazed treatment at early stage. Genotype 5 and 1 dominated in ungrazed treatment 
at early stage. Genotype 5 and 1 also dominated in grazed treatment at intermediate 
stage. Genotype 5 and 42 dominated in ungrazed treatment at intermediate stage. 
Genotypes were assigned using the threshold of 0.34. Different numbers within plots 
represent different genotypes. Number from 1-7 represent number for 1 m × 1 m 
plots. NAs represent missing data. 
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Table 1 Traits of individuals of genotype 1, 5 and 42. Genotypes were assigned 






























































Using molecular marker, we genotyped individuals of the clonal plant E. 
atherica, collected from a 22-year hare and goose exclusion experiment at two 
VXFFHVVLRQDOVWDJHVLQDVDOWPDUVK:HVKRZHGWKDWDWHDUO\VXFFHVVLRQVWDJH
where herbivore abundance was high, the population of E. atherica in the 
ungrazed treatment substantially differentiated in genetic distance from that of 
the grazed treatment. In addition, via assigning genotypes using the threshold 
of 0.34, we found that genotype 1 dominated in the grazed population at early 
stage, while genotype 5 and 1 dominated that of the ungrazed treatment. 
Furthermore, genetic distance between plots was positively correlated with 
geographic distance. At intermediate successional stage, where herbivore 
abundance was low, we found that genotype 1 and 5 dominated in the grazed 
treatment, and genotype 5 and 42 dominated in the ungrazed treatment. 
Also, we found that genetic distance between plots was positively correlated 
with geographic distance in the ungrazed treatment. In the grazed treatment, 
genetic distance was positively correlated with geographic distance within 
plots. However, we found that grazing, and its interaction with successional 
VWDJHGLGQRWKDYHVLJQL¿FDQWHIIHFWVRQJHQHWLFGLYHUVLW\JHQRW\SHULFKQHVV
and diversity. Our results suggest that the ecologically important small 
herbivores may also have substantial evolutionary effects on the dominant 
plant population in this system. 
As expected, we found genetic population differentiation via genotype selection 
under this long-term hare and goose exclosure experiment, particularly at 
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early stage, similar to long-term grazing by large domestic herbivores that led 
WRJHQHWLFVHJUHJDWLRQRIDGMDFHQWSRSXODWLRQV(Billington et al..OHLMQ
& Steinger 2002; Reisch & Poschlod 2009; Smith et al. 2009). Assigning 
FORQHVXVLQJWKHWKUHVKROGRIFRQ¿UPHGWKLVGLIIHUHQWLDWLRQ:HIRXQG
16, 18 and 32 unique genotypes in grazed and ungrazed treatment at early and 
LQWHUPHGLDWHVWDJHUHVSHFWLYHO\$OWKRXJKWKHPDMRULW\RIWKRVHJHQRW\SHVZHUH
rare (occurred only once), this indicates that grazing may select for different 
genotypes. More importantly, we found that the population in the grazed 
treatment was dominated by genotype 1, while the population in the ungrazed 
treatment was dominated by genotype 5 and 1. Although at intermediate 
stage, the genetic populations did not strongly differentiate in grazed and 
ungrazed treatments, genotype 1 and 5, and genotype 5 and 42 dominated in 
WKHJUD]HGDQGXQJUD]HG WUHDWPHQW UHVSHFWLYHO\2XU UHVXOWVFRQ¿UPHG WKH
SUHVHQFHRIWKH³JHQHUDOLVWJHQRW\SHV´LQWKLVKH[DSORLGLQYDVLYHJUDVVDQG
those genotypes are associated with range and niche expansion (Coughlan 
et al. 2017). More importantly, long-term grazing by small herbivores may 
select for particular dominant genotypes of this dominant plant. 
Greenhouse experiment growing individuals of E. atherica collected from 
these exclosures suggested that those dominant genotypes differentiated in 
some phenotypic traits (notably length and biomass of rhizomes and stolons). 
This suggested that genotypes with the guerrilla growth strategy tended to 
increase in dominance under grazing, while genotypes with the phalanx growth 
strategy increased in abundance in the ungrazed treatment. This is contrary 
to our expectation that grazing would favor the phalanx growth strategy, as 
the relatively unpalatable adult plants would serve as protection for young 
seedlings from being grazed. One of the reasons can be that there were other 
more unpalatable plant species in the community, for instance, Artemisia 
maritimaZKLFKSUREDEO\VHUYHDVEHWWHUSURWHFWLRQ,QGHHGLQWKH¿HOGZH
observed that seedlings of E. athercia usually intermingle with A. maritima 
(Chen personal observation). The guerrilla growth strategy also allows plants 
WRIRUDJHPRUHHI¿FLHQWO\XQGHUDQKHWHURJHQHRXVHQYLURQPHQWDQGKHUELYRUHV
are known to create heterogeneity in nutrient availability (e.g. Gillet, Kohler, 
Vandenberghe, & Buttler, 2010). Plants with the guerrilla growth strategy 
may also be more tolerant to herbivores, as new ramets can regrow quickly 
via rhizomes and stolons. On the other hand, the phalanx growth strategy 
via reducing biomass allocation in rhizomes and stolons allows clonal plants 
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et al. 2017). More importantly, long-term grazing by small herbivores may 
select for particular dominant genotypes of this dominant plant. 
Greenhouse experiment growing individuals of E. atherica collected from 
these exclosures suggested that those dominant genotypes differentiated in 
some phenotypic traits (notably length and biomass of rhizomes and stolons). 
This suggested that genotypes with the guerrilla growth strategy tended to 
increase in dominance under grazing, while genotypes with the phalanx growth 
strategy increased in abundance in the ungrazed treatment. This is contrary 
to our expectation that grazing would favor the phalanx growth strategy, as 
the relatively unpalatable adult plants would serve as protection for young 
seedlings from being grazed. One of the reasons can be that there were other 
more unpalatable plant species in the community, for instance, Artemisia 
maritimaZKLFKSUREDEO\VHUYHDVEHWWHUSURWHFWLRQ,QGHHGLQWKH¿HOGZH
observed that seedlings of E. athercia usually intermingle with A. maritima 
(Chen personal observation). The guerrilla growth strategy also allows plants 
WRIRUDJHPRUHHI¿FLHQWO\XQGHUDQKHWHURJHQHRXVHQYLURQPHQWDQGKHUELYRUHV
are known to create heterogeneity in nutrient availability (e.g. Gillet, Kohler, 
Vandenberghe, & Buttler, 2010). Plants with the guerrilla growth strategy 
may also be more tolerant to herbivores, as new ramets can regrow quickly 
via rhizomes and stolons. On the other hand, the phalanx growth strategy 
via reducing biomass allocation in rhizomes and stolons allows clonal plants 
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to produce more ramets, thus expand quickly. In addition, we found that in 
the ungrazed treatment at both stages, genetic distance between plots was 
positively correlated with their geographic distance. This supports the idea 
that grazing may promote genotypes with the guerrilla growth strategy, while 
genotypes with the phalanx growth strategy increased in occurrence and 
abundance in the ungrazed treatment. 
Although in the grazed areas no clear relationship was found between genetic 
distance between plots and their geographical distance, we found that genetic 
GLVWDQFH ZDV VLJQL¿FDQWO\ SRVLWLYHO\ FRUUHODWHG ZLWK JHRJUDSKLF GLVWDQFH
within plots in grazed treatment at intermediate stage, suggesting that clones 
ZHUHDJJUHJDWHGDWD¿QHUVSDWLDOVFDOHDVZDVFRQ¿UPHGE\ WKHJHQRW\SH
GLVWULEXWLRQ)LJ2XUUHVXOWVVXJJHVWWKDWD¿QHUVSDWLDOVFDOHPLV
important and essential to unravel the clonal and spatial genetic structure for 
clonal plants. On the other hand, in the grazed treatment at early stage, we 
detected no clear relationship between genetic distance and geographic distance 
both within and between plots. Smith et al. (2009) also found a less clear 
spatial genetic structure under livestock grazing compared with the ungrazed 
in two grasslands in Arizona and Argentina. Thus, grazing may eventually 
lead to increased homogeneity in genetic structure at the landscape scale. 
Contrary to our expectation, grazing and its interaction with stage did not 
KDYHVLJQL¿FDQWHIIHFWVRQJHQHWLFGLYHUVLW\JHQRW\SHULFKQHVVDQGGLYHUVLW\
One of the explanations could be that the effects of herbivores were more 
RQ WKH LGHQWLW\DQGDEXQGDQFHRI WKRVH³JHQHUDOLVWJHQRW\SHV´ UDWKHU WKDQ
RQWKHQXPEHURIGLIIHUHQWJHQRW\SHV<HWPDQ\SURFHVVHVLQFOXGLQJVH[XDO
reproduction, somatic mutation, and epigenetic alterations probably all 
impact the genotype and genetic diversity in such a long-lived clonal plant, 
and future studies designed to separate those processes may help to reveal 
WKHXQGHUO\LQJIRUFHV:HDOVRIRXQGWKDWVHWWLQJWKUHVKROGVFDQVXEVWDQWLDOO\
affect the results of genotype richness and diversity. For instance, when the 
threshold increased from 0 to 0.34 to 0.42, genotype richness in the grazed 
treatment (within the area of 6 m × 8 m) at stage 10 changed from 0.72 to 0.13 
WRUHVSHFWLYHO\7DEOH6:KHQZHVHWWKHWKUHVKROGWRJHQRW\SH
richness was comparable to other studies in this system (Bockelmann et al. 
2003; Scheepens et al. 2007; Veeneklaas et al. 2011), as well as other plant 
species in other salt marshes (Richards et al. 2004; Travis & Hester 2005; 
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5RXJHU	 -XPS :KHQ VHWWLQJ WKH WKUHVKROG WR  WKH SDWWHUQ RI
genotype distribution matched well with the genetic population differentiation 
using PcoA. Due to the small sample size of the reference sample, care was 
taken in interpreting the results using those thresholds. Previous studies also 
FRQ¿UPHG WKDW VHWWLQJ VLPLODULW\ WKUHVKROG FDQ UHGXFH WKH VFRULQJ HUURU RI
PLVLGHQWLI\LQJWZRFORQHVZLWKQRQLGHQWLFDO¿QJHUSULQWVLQWRWZRGLIIHUHQW
individuals (Douhovnikoff & Dodd 2003). Therefore, setting the threshold 
should be strongly recommended in further studies looking at the genotype 
richness and diversity within plant populations. 
It is well understood that herbivores play a substantial role in shaping vegetation 
LQVDOWPDUVKHVZRUOGZLGH+H	6LOOLPDQ:KLOHWKHHFRORJLFDOHIIHFWV
of herbivores on individuals, plant populations and communities have been 
well documented, the evolutionary effects of herbivores on plant populations 
have so far received much less attention. Here we show that (high abundance 
of) small herbivores may have substantial evolutionary effects on a dominant 
SODQW SRSXODWLRQ DQG WKHVH HYROXWLRQDU\ HIIHFWV FDQ KDSSHQ ZLWKLQ D ¿QH
spatial scale and short evolutionary time period. In addition, these evolutionary 
effects may in turn affect plant communities and ecosystem functioning. For 
instance, via selecting particular genotypes, grazing may affect plant-plant 
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Table S1 Hare and goose droppings at early and intermediate stage in 2001 and 
2016. Droppings were the means (± 1 se) of the 20 plots, each with summed whole 
year droppings, at each successional stage.
Grazer Stage <HDU N Droppings
Goose
Early
stage 2000 20 64.95 ± 6.989
Early
stage 2016 20 37.65 ± 12.398
Intermediate
stage 2000 20 31.60 ± 3.570
Intermediate
stage 2016 20 50.40 ± 10.182
Hare
Early
stage 2000 20 84.25 ± 26.218
Early
stage 2016 20 134.05 ± 18.940
Intermediate
stage 2000 20 39.75 ± 9.992
Intermediate
stage 2016 20 52.00 ± 5.580
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Table S3 Plant diversity (number of species) and percent cover of Elytrigia atherica 
in permanent plots (2 m × 2 m) of grazed and ungrazed at early and intermediate 
stage in 1995, 2001, and 2016. 
<HDU Stage Grazing N Plant diversity Elytrigia 
atherica (%)
1995 Early stage Grazed 8 12.12 ± 0.693 0.00 ± 0.000
1995 Early stage Ungrazed 8 12.00 ± 0.598 0.12 ± 0.082
1995 Intermediate 
stage
Grazed 8 13.12 ± 0.718 0.19 ± 0.091
1995 Intermediate 
stage
Ungrazed 8 12.88 ± 0.549 0.25 ± 0.094
2001 Early stage Grazed 8 13.00 ± 0.655 0.50 ± 0.189
2001 Early stage Ungrazed 8 7.62 ± 0.375 0.75 ± 0.164
2001 Intermediate 
stage
Grazed 8 10.25 ± 0.818 4.88 ± 3.593
2001 Intermediate 
stage
Ungrazed 8 9.25 ± 1.176 35.50 ± 14.469
2016 Early stage Grazed 8 6.25 ± 0.313 2.81 ± 1.847
2016 Early stage Ungrazed 8 3.00 ± 0.267 99.75 ± 0.250
2016 Intermediate 
stage
Grazed 8 7.75 ± 1.130 14.25 ± 5.799
2016 Intermediate 
stage
Ungrazed 8 6.75 ± 1.130 61.56 ± 12.998
Table S4 Sample size, number of alleles detected, genotype richness and diversity 
per plot in grazed and ungrazed treatments at early and intermediate successional 
stage.













Early stage Grazed 1 19 27 0.68 0.16 0.11 2.31 0.94 0.94
Early stage Grazed 2 24 28 0.83 0.17 0.08 2.84 1.06 0.82
Early stage Grazed 3 24 35 0.88 0.38 0.04 2.98 2.34 2.07
Early stage Grazed 4 9 16 0.67 0.11 0.11 1.58 0.00 0.00
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stage.













Early stage Grazed 1 19 27 0.68 0.16 0.11 2.31 0.94 0.94
Early stage Grazed 2 24 28 0.83 0.17 0.08 2.84 1.06 0.82
Early stage Grazed 3 24 35 0.88 0.38 0.04 2.98 2.34 2.07
Early stage Grazed 4 9 16 0.67 0.11 0.11 1.58 0.00 0.00

















Early stage Grazed 6 16 24 0.69 0.06 0.06 2.27 0.23 0.23
Early stage Grazed 7 22 26 0.73 0.14 0.05 2.67 0.86 0.77
Early stage Ungrazed 1 21 28 0.71 0.29 0.10 2.57 1.28 1.05
Early stage Ungrazed 2 24 25 0.58 0.08 0.04 2.28 0.29 0.29
Early stage Ungrazed 3 17 23 1.00 0.35 0.12 2.83 1.28 0.44
Early stage Ungrazed 4 25 28 0.88 0.24 0.12 3.05 1.38 1.11
Early stage Ungrazed 5 25 29 0.44 0.12 0.08 2.12 0.53 0.53
Early stage Ungrazed 6 19 22 0.74 0.11 0.05 2.52 0.21 0.00
Early stage Ungrazed 7 24 24 0.38 0.13 0.04 1.97 0.46 0.38
Intermedi-
ate stage Grazed 1 24 29 0.75 0.21 0.04 2.67 1.43 1.43
Intermedi-
ate stage Grazed 2 17 30 0.88 0.59 0.18 2.64 1.85 1.40
Intermedi-
ate stage Grazed 3 21 36 0.90 0.48 0.14 2.89 2.20 2.00
Intermedi-
ate stage Grazed 4 23 35 0.83 0.30 0.09 2.87 1.88 0.98
Intermedi-
ate stage Grazed 5 20 30 0.95 0.40 0.10 2.93 2.09 1.71
Intermedi-
ate stage Grazed 6 20 32 0.75 0.35 0.10 2.55 1.44 1.31
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Population differentiation via genotype selection under 22-year small herbivore exclusion 
at the early successional stage in a salt marsh
129
5














ate stage Grazed 7 10 30 1.00 0.40 0.10 2.30 1.37 0.95
Intermedi-
ate stage Ungrazed 1 24 30 0.79 0.29 0.13 2.87 1.61 1.47
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N: number of individuals of E. atherica genotyped; NA: number of alleles detected; 
GR: genotype richness; GD: genotype diversity. Numbers in parenthesis represent 
different thresholds based on sample s209, 0.34 was based on 7 samples of s209, 
0.42 was based on 9 samples of s209.
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0.42 was based on 9 samples of s209.
Chapter 5
130
 Table S5 Amova table for partitioning the genetic variation into Stage/grazing/plot.
Variables Df SumsOfSqs MeanSqs F.Model R2 Pr(>F)
Stage 1 3.062 3.062 24.813 0.031 0.001
Stage: Grazing 2 6.588 3.294 26.697 0.066 0.001
Stage: Grazing: 
Plot 24 21.74 0.906 7.342 0.219 0.001
Residuals 551 67.984 0.123 #N/A 0.684 #N/A
Total 578 99.373 #N/A #N/A 1 #N/A
Table S6 Genetic diversity within plots and genetic distance between plots. 




Grazed 7 0.55 ± 0.030
Ungrazed 7 0.60 ± 0.030
Intermediate stage
Grazed 7 0.54 ± 0.046




Grazed 21 0.46 ± 0.017
Ungrazed 21 0.49 ± 0.021
Intermediate stage
Grazed 21 0.52 ± 0.008
Ungrazed 21 0.51 ± 0.010
Table S7 Anova table testing the effects of successional stage, grazing and their 
interaction on genetic diversity within plots and genetic distance between plots. 





Stage 1 0 0 0.09 0.7638
Grazing 1 0.02 0.02 1.64 0.2131
Stage : Grazing 1 0 0 0.01 0.9304
Residuals 24 0.25 0.01 #N/A #N/A
Genetic distance 
between plots
Stage 1 0.04 0.04 7.64 0.0071
Grazing 1 0 0 0.62 0.4318
Stage : Grazing 1 0.01 0.01 1.15 0.2871
Residuals 80 0.39 0 #N/A #N/A
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Table S8 Mantel test for genetic distance and geographic distance within 1 m × 1 m 
plots. 
Stage Grazing Plot &RHI¿FLHQW P
Early stage Grazed 1 0.03 0.358
Early stage Grazed 2 0.00 0.443
Early stage Grazed 3 0.08 0.145
Early stage Grazed 4 -0.16 0.741
Early stage Grazed 5 0.09 0.132
Early stage Grazed 6 -0.20 0.929
Early stage Grazed 7 0.02 0.421
Early stage Ungrazed 1 0.04 0.298
Early stage Ungrazed 2 0.03 0.38
Early stage Ungrazed 3 0.10 0.18
Early stage Ungrazed 4 0.08 0.122
Early stage Ungrazed 5 -0.07 0.765
Early stage Ungrazed 6 -0.07 0.712
Early stage Ungrazed 7 0.27 0.002
Intermediate stage Grazed 1 0.16 0.032
Intermediate stage Grazed 2 0.47 0.001
Intermediate stage Grazed 3 -0.03 0.62
Intermediate stage Grazed 4 0.19 0.021
Intermediate stage Grazed 5 0.30 0.002
Intermediate stage Grazed 6 0.15 0.055
Intermediate stage Grazed 7 0.26 0.043
Intermediate stage Ungrazed 1 -0.06 0.793
Intermediate stage Ungrazed 2 0.11 0.117
Intermediate stage Ungrazed 3 0.13 0.04
Intermediate stage Ungrazed 4 0.19 0.007
Intermediate stage Ungrazed 5 -0.07 0.71
Intermediate stage Ungrazed 6 0.04 0.289
Intermediate stage Ungrazed 7 0.11 0.072
Chapter 5
130
 Table S5 Amova table for partitioning the genetic variation into Stage/grazing/plot.
Variables Df SumsOfSqs MeanSqs F.Model R2 Pr(>F)
Stage 1 3.062 3.062 24.813 0.031 0.001
Stage: Grazing 2 6.588 3.294 26.697 0.066 0.001
Stage: Grazing: 
Plot 24 21.74 0.906 7.342 0.219 0.001
Residuals 551 67.984 0.123 #N/A 0.684 #N/A
Total 578 99.373 #N/A #N/A 1 #N/A
Table S6 Genetic diversity within plots and genetic distance between plots. 




Grazed 7 0.55 ± 0.030
Ungrazed 7 0.60 ± 0.030
Intermediate stage
Grazed 7 0.54 ± 0.046




Grazed 21 0.46 ± 0.017
Ungrazed 21 0.49 ± 0.021
Intermediate stage
Grazed 21 0.52 ± 0.008
Ungrazed 21 0.51 ± 0.010
Table S7 Anova table testing the effects of successional stage, grazing and their 
interaction on genetic diversity within plots and genetic distance between plots. 





Stage 1 0 0 0.09 0.7638
Grazing 1 0.02 0.02 1.64 0.2131
Stage : Grazing 1 0 0 0.01 0.9304
Residuals 24 0.25 0.01 #N/A #N/A
Genetic distance 
between plots
Stage 1 0.04 0.04 7.64 0.0071
Grazing 1 0 0 0.62 0.4318
Stage : Grazing 1 0.01 0.01 1.15 0.2871
Residuals 80 0.39 0 #N/A #N/A
Population differentiation via genotype selection under 22-year small herbivore exclusion 
at the early successional stage in a salt marsh
131
5
Table S8 Mantel test for genetic distance and geographic distance within 1 m × 1 m 
plots. 
Stage Grazing Plot &RHI¿FLHQW P
Early stage Grazed 1 0.03 0.358
Early stage Grazed 2 0.00 0.443
Early stage Grazed 3 0.08 0.145
Early stage Grazed 4 -0.16 0.741
Early stage Grazed 5 0.09 0.132
Early stage Grazed 6 -0.20 0.929
Early stage Grazed 7 0.02 0.421
Early stage Ungrazed 1 0.04 0.298
Early stage Ungrazed 2 0.03 0.38
Early stage Ungrazed 3 0.10 0.18
Early stage Ungrazed 4 0.08 0.122
Early stage Ungrazed 5 -0.07 0.765
Early stage Ungrazed 6 -0.07 0.712
Early stage Ungrazed 7 0.27 0.002
Intermediate stage Grazed 1 0.16 0.032
Intermediate stage Grazed 2 0.47 0.001
Intermediate stage Grazed 3 -0.03 0.62
Intermediate stage Grazed 4 0.19 0.021
Intermediate stage Grazed 5 0.30 0.002
Intermediate stage Grazed 6 0.15 0.055
Intermediate stage Grazed 7 0.26 0.043
Intermediate stage Ungrazed 1 -0.06 0.793
Intermediate stage Ungrazed 2 0.11 0.117
Intermediate stage Ungrazed 3 0.13 0.04
Intermediate stage Ungrazed 4 0.19 0.007
Intermediate stage Ungrazed 5 -0.07 0.71
Intermediate stage Ungrazed 6 0.04 0.289
Intermediate stage Ungrazed 7 0.11 0.072
Chapter 5
132
Table S9 Mantel test for genetic distance between plots and geographic distance. 







Table S10 Genotype richness and diversity at 1 m × 1 m plot scale from grazed and 
ungrazed treatment at early and intermediate successional stage.
























































N: number of plots; GR: genotype richness; GD: genotype diversity. Numbers in 
parenthesis represent different thresholds based on sample s209, 0.34 was based on 
7 samples of s209, 0.42 was based on 9 samples of s209.
Table S11 Anova table testing the effects of grazing, successional stage, and their 
interaction on genotype richness and genotype diversity at 1m × 1 m plot scale.





Stage 1 0.19 0.19 10.34 0.0037
Grazing 1 0.01 0.01 0.28 0.6001
Stage : Grazing 1 0.02 0.02 1 0.3282
Residuals 24 0.43 0.02 #N/A #N/A
table continues
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Stage 1 0.33 0.33 29.83 0
Grazing 1 0 0 0.13 0.7261
Stage : Grazing 1 0 0 0.03 0.871
Residuals 24 0.26 0.01 #N/A #N/A
Genotype 
richness (0.42)
Stage 1 0.02 0.02 12.06 0.002
Grazing 1 0 0 1.95 0.1749
Stage : Grazing 1 0 0 0.78 0.3866
Residuals 24 0.03 0 #N/A #N/A
Genotype 
diversity (0)
Stage 1 0.78 0.78 6.93 0.0146
Grazing 1 0.1 0.1 0.88 0.3563
Stage : Grazing 1 0.1 0.1 0.86 0.3621




Stage 1 6.98 6.98 27.09 0
Grazing 1 0 0 0.01 0.9199
Stage : Grazing 1 0.34 0.34 1.34 0.2586




Stage 1 5.07 5.07 24.99 0
Grazing 1 0 0 0 0.9832
Stage : Grazing 1 0.68 0.68 3.36 0.0792
Residuals 24 4.86 0.2 #N/A #N/A
Table S12 Sample size, genotype richness and diversity at the 6 m × 8 m scale from 
grazed and ungrazed treatment at early and intermediate successional stage.













Grazed 134 0.72 0.13 0.01 4.36 2.11 0.85




Grazed 135 0.80 0.22 0.05 4.56 3.06 1.50
Ungrazed 155 0.84 0.26 0.06 4.79 3.13 1.57
N: number of individuals of E. atherica genotyped; GR: genotype richness; GD: 
genotype diversity. Numbers in parenthesis represent different thresholds based on 
sample s209, 0.34 was based on 7 samples of s209, 0.42 was based on 9 samples of s209.
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